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of broiler, laying hen, swine, and steer, which could be the result of different management practices, different
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were significantly larger than the estimated CO2 productions, which could represent the corresponding
amount of CO2 generation that was not accounted in the metabolic CO 2 production as well as uncertainties
in measurements of CO2 emissions. The overall R2 was 0.97 when treating each of the 15 studies as one data
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Abstract. The CO2 emissions were measured in environmental rooms in 15 animal operation 
studies, including studies of dairy cow, steer, swine, turkey, laying hen and broiler. The objectives of 
this paper are to summarize CO2 emission data in these 15 studies;, to investigate the possible diet 
effect; and to evaluate the performance of the CO2 balance approach to estimate ventilation rate 
(VR) of animal houses. Lower CO2 emissions were observed from steers fed diets containing 60% 
DDGs as compared to that from steers fed the control diets (0% DDGs). Significant differences in 
CO2 emissions were observed among different studies for each species of broiler, laying hen, swine, 
and steer, which could be the result of different management practices, different stages of 
production, or different weather conditions. In 10 out of the 15 studies, the measured CO2 emissions 
were significantly larger than the estimated CO2 productions, which could represent the 
corresponding amount of CO2 generation that was not accounted in the metabolic CO2 production as 
well as uncertainties in measurements of CO2 emissions. The overall R2 was 0.97 when treating 
each of the 15 studies as one data point. The relative differences between measured and estimated 
VR were in the range of 6.3% to 20.5%. Uncertainties in estimated VR in dairy cow studies were 
relatively large because the relatively large variations in measured CO2 emissions in these studies 
were not well represented by the relatively constant estimated CO2 production values. 
Keywords. Ventilation, Animal housing, CO2 balance, Heat production. 
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Introduction 
Affordable and reliable means to estimate ventilation rates (VR) of animal house is desirable in 
the effort to quantify air emissions from animal operations. A CO2 balance approach has been 
proposed to estimate VR based on the metabolic rate data of the animals (Van Ouwerkerk and 
Pedersen, 1994). Reliability of the CO2 balance approach depends on the accuracy of the 
metabolic rate data of the animals and amount of CO2 generation that is not accounted in the 
metabolic CO2 production. Air emissions from different species were measured as well as VR in 
environmental rooms at Michigan State University over the course of 15 studies under various 
dietary strategies. The research objectives of this paper are: (1) to summarize baseline data on 
CO2 emissions from animal operations in these 15 studies and to investigate the possible diet 
effect; (2) to compare the measured CO2 emissions with CO2 production rates from the 
metabolic rate data in literature; (3) to evaluate the performance of the CO2 balance approach to 
estimate VR of animal houses for various species. 
Methods 
Animals and diets 
Animals were housed and monitored in environmentally-controlled rooms (H 2.14 m × W 3.97 m 
× L 2.59 m) in the Animal Air Quality Research Facility at Michigan State University. Conditions 
within the rooms were managed to optimize animal health and productivity. Each room can 
accommodate one steer, one lactating cow, six finishing pigs, 20 turkeys, 50 broiler chickens, or 
80 laying hens. In each study, animals from one of the species were raised in 12 rooms feeding 
3 or 4 different diets (4 or 3 reps/diet). The species, code of studies, days of operation and 
applied diets of all the 15 studies are presented in Table 1.  
Table 1. The species, code of studies, days of operation and applied diets of the 15 studies. 
Species Code of studies 
Days of 
operation Diets 
BR0108 42 A reduced nitrogen content diet compared to a control diet 
Broiler 
BR0208 42 3×2 factorial design (3 diets: a control, low N and low N with protease; 2 litter amendments: PLT® at 0 and 75 need units) 
LY0108 37 Diets containing 0% or 15% distillers dried grains with soluble (DDGs) 
LY0109 21 Diets containing 0%, 10% or 20% DDGs 
LY0209 23 2×2 factorial design (0% or 20% DDGs, with organic or inorganic trace minerals) 
Laying 
hen 
LY0309 20 
An industry control diet, a diet without supplemental 
methionine, or a blended diet (40% control, 60% no 
supplemental methionine) 
Turkey TY0108 139 2×2 factorial design (100 or 110% of the recommended protein content, and 2 or 3 supplemental amino acids) 
SW0109 98 Diets containing 0% or 20% DDGs. The 20% DDGs diet contains either organic or inorganic mineral sources Swine 
SW0209 27 2×2 factorial design (0% or 20% DDGs, with or without added 
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enzymes) 
ST0109 26 Diets containing 0%, 40% or 60% DDGs 
ST0209 22 Diets containing 0%, 60% or 60% DDGs plus added copper and molybdenum) 
ST0110 13 Diets containing added quillaja extract, yucca extract , or no extract 
Steer 
ST0210 13 Diets containing added quillaja extract, yucca extract , or no extract 
DY0108 19 Diets representing feed ingredients typical of the Western U,S., Midwestern U.S. or Southeastern U.S. Dairy 
cow 
DY0208 22 Diets representing feed ingredients typical of the Western U,S., Midwestern U.S. or Southeastern U.S. 
Air Emission Measurements 
Through software control (LabVIEW Version 8.2; National Instruments Corp., Austin, TX), gas 
concentrations were measured in a sequential manner, first with incoming air for 15 min, then 
through each of the 12 rooms’ exhaust air for 15 min. This allowed 7 to 8 daily observations per 
room. The air lines were allowed to purge for 9.5 min before the start of data collection. 
Following purging, data were collected for 5.5 min. All gases were measured simultaneously 
within a sample stream.  The gas sample was pulled to a sampling manifold using a Cole-
Parmer vacuum pump (Cole-Parmer Instrument Company, Vernon Hills, IL) at a rate of 30 L/min 
and then was diverted into the following gas analyzers: a chemiluminescence Analyzer (Model 
17C, Thermo Fisher, Franklin, MA) that determines NH3, NO and NO2 concentrations, a CH4 
Analyzer (Model 55C, Thermo Fisher, Franklin, MA), a BINOS 100 CO2 / O2 dual gas detector 
(Rosemount Analytical, Orrville, OH), and  an INNOVA 1412 photoacoustic analyzer 
(Lumasense Technologies, Ballerup, Denmark) that determines CO2, CH4, non-methane total 
hydrocarbons (NMTHC), NH3 and N2O concentrations. The gas emission rates were calculated 
as the product of ventilation rates and concentration differences between exhaust and incoming 
air.  
Estimation of total heat production (THP) 
It is expected animal body weights and production levels, i.e. their feed intake, will influence 
their total heat production directly (CIGR, 2002). Equations to calculate THP of animals were 
presented in Table 2. 
Table 2. Equations to calculate THP of animals (from CIGR, 2002) 
Species Equations to calculate THP 
Broiler THP = 10.62m0.75 
Laying hen THP = 6.28m
0.75 +25Y2 
Y2 =Egg production, normally 0.050 kg/day for consumer eggs 
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Turkey THP = 9.86m0.77 
Swine THP = 5.09m0.75 + [1-(0.47+0.003m)][n-1][ 5.09m0.75] 
Steer THP = 6.44m
0.70 + [13.3Y2(6.28+0.0188m) / (1-0.3Y2)] 
Y2 = Daily gain, normally o.5 kg/day 
Dairy cow THP = 5.6m
0.75 + 22Y1 +1.6×10-5p3 
Y1 = Milk production, kg/day 
THP = total animal heat dissipation in animal houses, W. 
m = the body mass weight of the animal, kg. 
M = energy content of feed, MJ/kg dry matter. 
p = number of days of pregnancy 
Y1 = milk production kg/day 
Y2 = meat and egg production, kg/day 
n = daily feed energy in relation to maintenance requirement. 
The CO2 balance approach to estimate VR 
The CO2 balance approach to estimate VR is based on the principle of indirect animal 
clorimetry. The THP can be related to CO2 production using the following equation (Xin et al., 
2009; Brouwer, 1965). 
THP = (16.18/RQ+5.02)CO2   (1) 
Where CO2 is CO2 production rate of the animal (mL s-1); RQ is respiratory quotient of the 
animal (ratio of CO2 production and O2 consumption). 
Therefore, the CO2 production rates from animal can be obtained from THP. Then, the VR can 
be estimated as following. 
VR = CO2 / ([CO2]e-[CO2]i)   (2) 
Where [CO2]e and [CO2]i are the measured CO2 concentrations in exhaust and inlet air 
respectively, ppm. 
Data Analysis 
When studying the effect of diets or studies, data were analyzed statistically by ANOVA using 
the MIXED model procedure of SAS (SAS for Windows, Version 9.1.3, SAS Institute, Cary, NC). 
Date was a random variable and room was treated as nested term within diet. Statistical 
significance between means was accepted at P<0.05. Paired t-tests were performed to 
compare measured CO2 emissions and estimated CO2 productions, measured and estimated 
VR. 
Uncertainty Analysis 
The uncertainties of estimated VR were evaluated using the component error analysis, coupled 
with uncertainties for estimation of CO2 emissions ([CO2]ER) and measurements of the CO2 
concentration differences ([CO2]e-[CO2]i).   
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   (3)  
Where ∆VR is uncertainty in estimated ventilation rates; ∆[CO2]ER is uncertainty in estimation of 
CO2 emissions; ∆([CO2]e-[CO2]i) is uncertainty in measurements of the CO2 concentration 
differences.  
Results 
Diet effect on measured CO2 emissions 
Diet effects on measured CO2 emissions from animal operations in the 15 studies are presented 
in Table 3. Results showed no significant diet effects in 14 of the 15 studies. In study ST0209, 
lower CO2 emissions were observed from steers fed diets containing 60% DDGs as compared 
to that from steers fed the control diets (0% DDGs). In the other hand, diets with higher DDGs 
resulted in higher CH4 emissions from laying hens and swine operations in the studies of 
LY0108, LY0209, SW0109 and SW0209 (data not shown). The results indicate that DDGs 
content in diets has the potential to affect the balance of carbon emissions from animals. 
Table 3. Diet effect on CO2 emissions in the 15 studies 
Species Code of studies  Mean effect means (mL s
-1 hd-1) SEM P value 
Diets Control Low N   
BR0108 
CO2 emissions  0.64 0.60 0.05 0.11 
Diets Control Low Low +pro 
Control
+PG 
Low 
+PG 
Low 
+pro+PG   
Broiler 
BR0208 
CO2 emissions  0.47 0.56 0.40 0.58 0.51 0.51 0.08 0.55 
Diets 0%DDGs 15%DDGs   
LY0108 
CO2 emissions  0.40 0.41 0.02 0.86 
Diets 0%DDGs 10%DDGs 20%DDGs   
LY0109 
CO2 emissions  0.40 0.42 0.44 0.03 0.35 
Diets 0%DDGs In 0%DDGs Org 20%DDGs In 20%DDGs Org   
LY0209 
CO2 emissions  0.35 0.40 0.39 0.38 0.02 0.15 
Diets Control 40/60 Low S   
Laying 
hen 
LY0309 
CO2 emissions  0.40 0.40 0.38 0.02 0.68 
Diets 100%NRC+3AA 
100%NRC+
2AA 
110%NRC+
3AA 
110%NRC+
2AA   Turkey TY0108 
CO2 emissions  2.13 2.01 2.05 2.03 0.10 0.62 
Diets Control 20%DDGs In 20%DDGs Org   
SW0109 
CO2 emissions  11.8 11.6 11.4 0.5 0.70 
Diets A:15%DDGs B: A+low N C:B+Microb D: B+Chem   
Swine 
SW0209 
CO2 emissions  7.4 7.1 7.4 7.8 0.4 0.55 
Diets Control 40%DDGs 60%DDGs   
ST0109 
CO2 emissions  24.7 21.5 22.7 1.6 0.35 
Diets Control 60%DDGs 60%DDGs plus copper   
Steer 
ST0209 
CO2 emissions  30.1 26.4 25.5 1.1 0.01 
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Diets Control Quillaja2 Yucca2   
ST0110 
CO2 emissions  21.5 20.4 22.7 1.2 0.31 
Diets Control Quillaja2 Yucca2   
ST0210 
CO2 emissions  23.2 24.2 20.6 1.4 0.17 
Diets MW S W   
DY0108 
CO2 emissions  79 77 78 11 0.53 
Diets MW S W   
Dairy 
cow 
DY0208 
CO2 emissions  68 67 66 6 0.61 
Effect of studies on CO2 emissions for each species 
Within each species, the CO2 emissions in different studies were compared with each other 
(Table 4). Significant differences were observed among different studies for each species of 
broiler, laying hen, swine, and steer. The differences in CO2 emissions between different studies 
could be the result of different management practices, different stages of production, or different 
weather conditions.  
Table 4. Effect of studies on CO2 emissions for each species  
Species  Mean effect means (mL s-1 hd-1) SEM P value 
Studies BR0108 BR0208     
Broiler 
CO2 emissions  0.67 0.54   0.02 <0.01 
Studies LY0108 LY0109 LY0209 LY0309   Laying 
hen CO2 emissions  0.41 0.43 0.38 0.40 <0.01 <0.01 
Studies TY0108      
Turkey 
CO2 emissions  2.20    0.10 - 
Studies SW0109 SW0209     
Swine 
CO2 emissions  11.66 7.46   0.17 <0.01 
Studies ST0109 ST0209 ST0110 ST0210   
Steer 
CO2 emissions  23.05 27.24 21.58 23.04 0.41 <0.01 
Studies DY0108 DY0208     Dairy 
cow CO2 emissions  71.8 66.7   2.6 0.11 
Comparison of directly measured CO2 emissions with estimated CO2 production 
rates from THP 
Results of paired t-tests between measured CO2 emissions and estimated CO2 production rates 
from THP are presented in Table 5. In 10 out of the 15 studies, the measured CO2 emissions 
were significantly larger than the estimated CO2 productions. In 3 studies, the estimated and 
measured CO2 values were not different from each other (P>0.05). In 2 studies, the measured 
CO2 emissions were significantly less than the estimated CO2 productions. Higher measured 
CO2 emissions were expected because the total CO2 emissions from animal operations should 
be the sum of metabolic CO2 production of the animals (which were estimated from THP) plus 
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CO2 generation from other sources (e.g. litter or manure). The CO2 generation from other 
sources could add some uncertainty to the total CO2 emissions. Figure 1 plotted the differences 
between measured CO2 emissions and estimated CO2 productions as percentage of estimated 
CO2 productions. The differences represent the corresponding amount of CO2 generation that 
was not accounted in the metabolic CO2 production as well as uncertainties in measurements of 
CO2 emissions. In the two broiler studies, the measured CO2 emissions were 15% to19% higher 
than the estimated CO2 productions from THP. In the four steer studies, the measured CO2 
emissions were 16% to 34% higher than the estimated CO2 productions from THP. In laying 
hen, turkey, swine and dairy cow studies, the relative magnitude between the measured CO2 
and estimated CO2 values were not very consistent. Li et al. (2004) reported that generation of 
CO2 by hen manure seemed to account for about 10% of the total CO2 produced in the building, 
which is comparable with results of this study. The error bars in Figure 1 represent the 95% 
confidence interval (CI). Larger variation in measured CO2 emissions as compared to relatively 
constant estimated CO2 productions in dairy cow studies resulted larger error bars in these 
studies. 
Table 5. Results of paired t-tests between measured CO2 emissions and estimated CO2 
production rates from THP 
Difference: measured CO2 emissions – estimated 
CO2 productions (mL s-1 hd-1) 
Species Code of studies Lower 
CL 
Mean 
Mean 
Upper 
CL 
Mean 
Std 
Dev t value
P 
value 
 Ratio of 
measured 
CO2 over 
estimated 
CO2  
BR0108 0.06 0.07 0.09 0.10 9.5 <0.01 1.15±0.04 
Broiler 
BR0208 0.07 0.08 0.10 0.13 13.2 <0.01 1.19±0.04 
LY0108 0.02 0.03 0.05 0.10 4.4 <0.01 1.08±0.05 
LY0109 0.02 0.04 0.05 0.09 5.5 <0.01 1.10±0.03 
LY0209 -0.02 -0.01 -0.00 0.01 -2.8 0.01 0.97±0.03 
Laying 
hen 
LY0309 -0.01 0.00 0.01 0.08 0.7 0.50 1.00±0.02 
Turkey TY0108 -0.10 -0.05 -0.01 0.90 -2.2 0.03 0.97±0.02 
SW0109 0.21 0.31 0.42 1.82 5.9 <0.01 1.04±0.01 
Swine 
SW0209 -0.05 0.08 0.21 1.21 1.2 0.25 1.01±0.02 
ST0109 4.9 5.4 5.9 4.1 22.2 <0.01 1.31±0.03 
ST0209 6.3 7.0 7.6 5.5 19.9 <0.01 1.34±0.03 
ST0110 2.2 2.9 3.6 4.3 7.9 <0.01 1.16±0.04 
Steer 
ST0210 3.0 3.7 4.4 4.2 10.1 <0.01 1.19±0.04 
DY0108 1.0 6.8 12.5 31.3 2.3 0.02 1.10±0.09 Dairy 
cow DY0208 -3.6 -0.1 3.4 27.4 -0.04 0.97 1.00±0.06 
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Figure 1. The differences between measured CO2 emissions and estimated CO2 productions as 
percentage of estimated CO2 productions in the 15 studies 
Comparison of directly measured VR with estimated VR using the CO2 balance 
approach 
Comparison of directly measured VR with estimated VR using the CO2 balance approach is 
presented in Table 6. The results showed that using estimated CO2 productions from THP to 
represent the total CO2 emissions in animal houses can result in underestimation of CO2 
emissions and therefore underestimation of VR. Because the estimated CO2 productions were 
consistently lower than the measured CO2 emissions in broiler and steer studies; the estimated 
CO2 productions were multiplied by correction factors of 1.15 and 1.16 respectively to represent 
the total CO2 emissions for broiler and steer studies. The R2 values for correlations between 
measured and estimated VR within individual studies were low in most studies partly due to 
limited day to day variation of VR within each individual study. Relatively high R2 were observed 
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in studies of broilers and turkey due to the relatively high variation of VR in these studies. Van 
Ouwerkerk and Pedersen (1994) suggested that the differences in CO2 concentrations between 
exhaust and inlet air should exceed 200 ppm to ensure the accuracy of the CO2 balance 
approach. The requirement is not met in this study, which may be another reason of the low R2 
values in Tables 6. By treating each of the 15 studies as one data point, the correlation between 
measured and estimated VR was plotted in Figure 2. The error bars in Figure 2 represent 
standard deviations of measured or estimated VR. Uncertainties in estimated VR in dairy cow 
studies were relatively large because the relatively large variations in measured CO2 emissions 
in these studies were not well represented by the relatively constant estimated CO2 production 
values. This also caused large relative differences between measured and estimated VR in 
dairy cow studies (Table 6). 
Table 6. Comparison of directly measured VR with estimated VR using the CO2 balance 
approach 
Species Code of studies 
Estimated 
CO2 
production 
rates 
(mL s-1 hd-1) 
Exhaust and 
inlet CO2 
concentration 
differences 
(ppm) 
Estimated 
VR 
(L s-1 hd-1) 
Measured 
VR 
(L s-1 hd-1) 
P 
value 
of 
paired 
t-tests 
R2 
Relative 
difference 
between 
measured 
and 
estimated 
VR 
(%) 
BR0108 0.60±0.26 115±106 5.20±1.39 5.05±1.01 0.63 0.60 6.4±6.9 
Broiler 
BR0208 0.45±0.28 220±245 2.70±1.87 2.69±1.67 0.80 0.68 11.3±11.8 
LY0108 0.37±0.00 144±147 3.17±0.86 3.28±0.51 0.05 0.20 9.5±7.2 
LY0109 0.39±0.00 95±35 4.17±1.22 4.34±0.86 0.01 0.31 9.6±7.4 
LY0209 0.39±0.00 95±28 4.55±1.00 4.28±0.80 <0.01 0.18 8.8±6.6 
Laying 
hen 
LY0309 0.40±0.00 94±26 4.40±0.99 4.32±0.74 0.19 0.25 7.3±6.8 
Turkey TY0108 2.26±1.25 95±53 21.22±12.03 20.54±6.72 0.01 0.50 16.1±15.0 
SW0109 11.34±2.10 248±72 48.18±9.56 47.60±4.27 0.03 0.08 6.7±5.7 
Swine 
SW0209 7.38±0.74 182±45 43.77±12.87 42.86±8.16 0.12 0.36 6.3±6.8 
ST0109 17.62±1.32 84±31 242.9±40.5 265.7±31.4 <0.01 0.26 8.6±5.9 
ST0209 20.29±1.19 99±24 255.3±62.1 284.2±32.0 <0.01 0.13 10.2±6.8 
ST0110 18.70±0.08 85±25 264.5±60.8 254.2±37.8 0.09 0.23 8.3±5.8 
Steer 
ST0210 19.35±0.24 94±41 261.0±71.9 256.9±45.8 0.85 0.52 7.4±5.4 
DY0108 65.09±3.65 152±162 416.8±322.5 331.0±16.0 0.01 0.62 20.5±14.7 Dairy 
cow DY0208 66.74±5.29 257±137 307.9±156.5 261.8±40.0 <0.01 0.13 14.5±12.8 
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Figure 2. Correlation between measured and estimated VR in the 15 studies 
Uncertainties in estimated VR 
The uncertainties in estimated VR using the CO2 balance approach come from the uncertainty 
in estimated CO2 emissions and the uncertainties associated with the measurements of CO2 
concentration differences. The uncertainty in estimated CO2 emissions can be represented by a 
constant bias due to unaccounted CO2 emissions from other sources and a random error in 
measurements of CO2 emissions. It has been shown that, the constant bias can be as high as 
34% (in ST0209), and the random error can be as high as 9% (in DY0108). The combined 
uncertainties in estimated CO2 emissions were in the range of 2% to 37% when using estimated 
CO2 productions from THP to represent the total CO2 emissions in animal houses. The resulting 
uncertainties in estimated VR were calculated under various random uncertainties in 
measurements of CO2 concentrations (Table 7). The uncertainties in estimated CO2 emissions 
usually represent the major source of uncertainties in estimated VR. The constant bias in 
estimated CO2 emissions could be reduced by using proper correction factors. When the CO2 
concentration differences between exhaust and inlet were low, the relative uncertainties in 
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measured CO2 concentration differences become large, and can be an important source of 
uncertainties in estimated VR. 
Table 7. Uncertainties in estimated VR 
Random 
uncertainties in  
measurements of 
CO2 
concentrations 
Level of CO2 
concentration 
differences 
Resulting 
uncertainties in 
measured CO2 
concentration 
differences 
Uncertainties 
in estimated 
CO2 
emissions 
Resulting 
uncertainties 
in estimated 
VR 
1ppm 100ppm 1.4% 2% - 37% 2.4% -37.0% 
1ppm 50ppm 2.8% 2% - 37% 3.4% - 37.1% 
1ppm 10ppm 14% 2% - 37% 14.1% -39.6% 
2ppm 100ppm 2.8% 2% - 37% 3.4% -37.1% 
2ppm 50ppm 5.6% 2% - 37% 5.9% -37.4% 
2ppm 10ppm 28% 2% - 37% 28.1% - 46.4% 
 
Conclusion 
Gas emissions of CO2 were measured in environmental rooms in 15 animal operation studies, 
including 2 dairy cow studies, 4 steer studies, 2 pig studies, 1 turkey study, 4 laying hen studies 
and 2 broiler studies. Investigation of diet effect on measured CO2 emissions indicate that DDGs 
content in diets has the potential to affect the balance of carbon emissions from animals. Lower 
CO2 emissions were observed from steers fed diets containing 60% DDGs as compared to that 
from steers fed the control diets (0% DDGs). Significant differences in CO2 emissions were 
observed among different studies for each species of broiler, laying hen, swine, and steer, 
which could be the result of different management practices, different stages of production, or 
different weather conditions. In 10 out of the 15 studies, the measured CO2 emissions were 
significantly larger than the estimated CO2 productions, which could represent the 
corresponding amount of CO2 generation that was not accounted in the metabolic CO2 
production as well as uncertainties in measurements of CO2 emissions. The R2 values for 
correlations between measured and estimated VR within individual studies were low in most 
studies partly due to limited day to day variation of VR within each individual study. The overall 
R2 was 0.97 when treating each of the 15 studies as one data point. The relative differences 
between measured and estimated VR were in the range of 6.3% to 20.5%. Uncertainties in 
estimated VR in dairy cow studies were relatively large because the relatively large variations in 
measured CO2 emissions in these studies were not well represented by the relatively constant 
estimated CO2 production values. The uncertainties in estimated CO2 emissions usually 
represent the major source of uncertainties in estimated VR using the CO2 balance approach. 
The constant bias in estimated CO2 emissions could be reduced by using proper correction 
factors. 
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